Abstract: Human leukocyte antigen (HLA) compatibility is very important for successful transplantation of solid organs. In this paper, we focused on the humoral arm of immunity in the clinical setting of organ transplantation: how HLA antibodies develop, how they can be detected, and what they can do to injure organ transplants. Specifically, we explore the technical perspectives of detecting donor-specific antibodies (DSA) in HLA laboratories, and use real-life clinical cases to explain the principles. Currently there are many tools in our HLA antibody detection toolbox: conventional cytotoxicity cross match, flow cross match, and solid phase assays using beads conjugated with single or multiple HLA antigens. Single antigen bead (SAB) assay is the most sensitive tool available for detecting HLA antibodies and assessing the immunological risk for organ transplant. However, there are intrinsic limitations to solid-phase assays and they are prone to both false negativity and importantly, false positivity. Denatured antigens on single antigen beads might be the most prominent source of false positive reactivity, and may have been underestimated by many HLA experts. No single assay is perfect and therefore multiple methods, including the less sensitive assays, should be employed to determine the clinical relevance of detected HLA antibodies. Thoughtful process, including knowledge of HLA systems, cross reactivity, epitopes, and the patient's clinical history should be employed to correctly interpret data. The clinical team should work closely with HLA laboratories to ensure accurate interpretation of information and optimal management of patients before and after organ transplantation.
Introduction
Immunological injury to the allograft remains one of the major limitations to graft survival after solid organ transplantation and there is overwhelming evidence which implicates antibodies to donor specific HLA (human leukocyte antigen) in this process for kidney, pancreas, heart, lung, and small bowl transplant (1) (2) (3) (4) . There are also emerging but controversial evidences for HLA antibodies in liver transplantation (5) (6) (7) . The existence of HLA was established in the 1950s following the observation that sera from individuals who had previously had a blood transfusion or pregnancy caused the agglutination of donor lymphocytes (8) . Hyperacute rejection of a renal allograft mediated by pre-existing donor-specific HLA antibodies (DSA) was first described in 1966 (9) and the prognostic implications of a positive cytotoxic cross match between recipient's serum and donor's lymphocytes was subsequently recognised in Patel and Terasaki's ground breaking Special Issue: Antibodies and Liver Transplantation, Guest-Edited by Prof. Vivian McAlister Detecting donor-specific antibodies: the importance of sorting the wheat from the chaff research (2) . The ability to determine the existence of preformed DSA by cross match techniques and to avoid transplantation when these were present resulted in the elimination of hyperacute rejection and a significant reduction in the incidence of acute accelerated rejection (2, 10, 11) . These initial developments in HLA were of fundamental importance in establishing satisfactory outcomes after solid organ transplantation and promoting its widespread acceptance as a treatment. There have been many advances since. In 1964, the International Histocompatibility Workshops were established and these have facilitated global collaboration between HLA laboratories. This has been key to the development of serological, and later genetic, methods of determining an individual's HLA type and to the optimisation of assays for detection for HLA antibodies, most recently including Luminex technology. Today, medium resolution genotyping of the donor and recipient is common practice in solid organ transplantation and Luminex assays, which provide semi-quantitative information on HLA antibodies, are widely used to inform clinical decision making (3) . These more recent advances have stimulated the growth of HLA incompatible transplantation programmes; something that would have been unthinkable 60 years ago.
This article focuses on the role of HLA in alloimmune injury in transplantation and the relative merits and disadvantages of the available laboratory methods for detecting DSA.
What are HLA?
HLA are glycoproteins which are expressed on the surface of all nucleated cells; their primary role is to bind peptides and present them to T cell receptors. In this capacity, HLA are essential to the development of an individual's T cell repertoire and to protection against infection and malignancy (12) .
HLA can be divided into the classical class I antigens (HLA-A, B and C) which are present on all nucleated cells and class II antigens (HLA-DR, DP and DQ) which exist on antigen presenting cells only. Class I HLA are formed from a polymorphic α polypeptide chain with a constant β 2 microglobulin subunit and are assembled by chaperone proteins in the endoplasmic reticulum; class I HLA present peptides of intracellular origin (which have been loaded from the cytoplasm) to the receptors of CD8 + T cells ( Figure 1A ).
Class II HLAs are constitutively expressed on B cells and other antigen presenting cells, although expression can also be induced on other cells such as the endothelial cells and activated T cells in the context of inflammation (13) . HLA class II are comprised of a constant α and polymorphic β chain for DR and polymorphic α and β chains for DQ and DP. Class II HLAs present peptides of extracellular origin (which are loaded from the cell's phagolysosome) to the receptors of CD4 + T cells ( Figure 1B ) (12) .
In both class I and class II HLA, peptides are presented within a peptide binding groove which is composed of "walls" of two alpha helices and a beta pleated sheath "floor" ( Figure 1C) . The amino acid sequence in this part of the HLA is highly polymorphic and determines its peptide binding repertoire. It is this antigen presenting regionpeptide complex that interacts with the T cell receptor.
The genes which encode HLA are found in the major histocompatibility complex (MHC) on the short arm of chromosome 6 and demonstrate codominance in their inheritance ( Figure 2) . In addition to the classical HLA genes (HLA-A, B, C, DR, DP, DQ), non-classical HLA genes and other genes involved in immunity are also present in the MHC region (14) . Unlike most genes in the human genome which have two or three major alleles, the HLA genes are highly polymorphic with over 16,000 HLA alleles identified to date; this number is increasing exponentially with advances in HLA typing ( Figure 2 ). The polymorphic nature of HLA is likely to confer a population survival benefit by maximising the diversity of non-self peptides which can be presented to T cells and inducing robust immunological responses to infection. Some HLA types have been associated with protection against infections such as HIV (15, 16) . However, this polymorphism in HLA is a major barrier for transplantation as HLA mismatches between recipients and unrelated donors are very common.
How do HLA antibodies develop?
The exposure of an individual's immune system to nonself HLA may result in the generation of HLA antibodies; this usually occurs via three mechanisms: transfusion, transplantation and pregnancy. The vast degree of polymorphism in the HLA system results in a large number of non-self stimuli for antibody development. The initial step in immune recognition of non-self HLA is allorecognition. It is hypothesised that there are three pathways of allorecognition: the direct, indirect and semidirect pathways (17) (Figure 3) . In antibody generation, the indirect pathway is of particular importance because of its role in the generation of allo-specific CD4 + T cells which facilitate class-switching of short-lived IgM-producing B cell into long-lived IgG producing B cells. In this allorecognition pathway, an individual's antigen presenting cells present fragments of endocytosed non-self HLA on a self HLA class II antigen. In the context of the appropriate costimulatory signals, the cognate CD4 + T cell is activated and may differentiate into a T FH cell which provides help to B cells in the process of activation and differentiation (17) (18) (19) . B cells are exposed to antigens presented by follicular dendritic cells within the secondary lymphoid tissues. When a B cell receptor binds to its cognate antigen, costimulatory signalling stimulates receptor-mediated endocytosis of the antigen which is processed and presented on the B cell's HLA class II. The activated B cell migrates to the border of the B cell/T cell zone within the secondary lymphoid tissues to seek the help from a complementary T FH cell. The B cell and T FH cell form a germinal centre in which B cell proliferation and differentiation into plasma cells occurs. In this process, the specificity of the antibody to the antigen is enhanced (a process known as somatic hypermutation) and antibody class switching occurs; this usually results in the formation of plasma cells which generate antibody with very high affinity for the non-self antigen. In addition, this process results in the formation of long lived plasma cells, which can reside in the bone marrow and generate HLA antibodies for many years, and B memory cells, which can circulate in a quiescent state for decades but remain readily activated by A B
re-exposure to the stimulating HLA antigen (20, 21) .
In the earliest days of HLA science, it was recognised that HLA antibodies generated following exposure to a single non-self HLA antigen were cross reactive with other non-self HLA which appeared unrelated to the immunising antigen e.g., individuals sensitized to HLA-A2 developed an antibody which also reacted with HLA-B57 and B58. These groups of antigens which were cross reactive with a single antibody became known as the cross reactive groups (CREGs) (22) . It was hypothesised that these antigens shared "determinants" which were key to the specificity of the antibody; these determinants latterly became known as epitopes (23) . Epitopes are the part of an antigen which is initially recognised by the B cell receptor and to which an antibody binds. An eplet is a 3 Å area on the antigen surface comprising a small number of amino acids which exist in close proximity in the tertiary HLA structure, and can be predicted by HLA matchmaker (24) . Most of the hypothetical eplets are concordant with known CREGs, Terasaki epitopes (25) identified by serological adsorption/elution studies (where antibodies are eluted from one HLA antigen and then adsorption by another HLA antigen with a shared epitope is demonstrated) and antibody profiles from single antigen bead assays (26) . For example, cross reactivity between A2, B57 B58, can be explained by well known subgroup of A2 CREG, called 17P which recognises GETERK (amino acid position 62-66) epitope (22) , 62GE eplets by HLA matchmaker (24) , and 62G by Terasaki epitopes (25) .
What are the consequences of DSA in transplantation?
DSA in the recipient serum may exist prior to transplantation (pre-formed DSA) or develop as a consequence of sensitisation to the mismatched donor HLA antigens (de novo DSA). DSA binding to donor HLA on the endothelial surface has a number of potential consequences.
Complement activation
The complement fixing capacity of DSA is determined by the antibody class; the majority of DSA detected in transplantation are IgG or IgM which are both potentially complement fixing. Within the IgG class, antibody subclass determines the capacity to fix complement with IgG3 and IgG1 being potent activators of the complement cascade (27) . Complement fixing antibodies bind to the graft endothelium resulting in initiation of the classical complement pathway (28) . This process results in the generation of products which recruit inflammatory cells into the graft, opsonise the donor endothelial cells making them targets for neutrophils and macrophages and stimulate cytokine synthesis resulting in vasodilation and leucocyte extravasation into the transplanted organ (28, 29) . The membrane attack complex is the final product of the complement cascade and results in direct lysis of the antibody-coated cells (30) . The presence of complement fixing DSA in solid organ transplantation has traditionally been demonstrated by performing immunofluorescence for C4d, a by-product of the classical complement pathway, on allograft biopsies.
Antibody dependent cell mediated cytotoxicity (ADCC)
When DSA bind to the graft endothelium, the crystalline fragment (Fc) of the bound antibody can act as a stimulus to innate immune cells. FcƔ receptors (FcƔRs) are activatory receptors for neutrophils and macrophages and the most potent stimulus of natural killer cell (NKC) activation. The interaction between an antibody's Fc and the FcƔRIIIa on the NKC results in the formation of a synapse across which the NKC secretes perforins and granzymes resulting in apoptosis of the target cell. This interaction also stimulates the generation of chemokines and cytokines which enhance HLA expression on the donor endothelium and recruit inflammatory cells (31, 32) . Both complement-fixing IgG1/3, and IgG2 or IgG4 DSAs which are not good at fixing complement, can induce ADCC. The microvascular inflammation present in allografts in the presence of DSA but the absence of C4d deposition is believed to be predominantly driven by NKC-mediated antibody dependent cell mediated cytotoxicity (31) (32) (33) .
Modification of the vascular endothelium
There is emerging evidence that DSA binding to HLA, particularly HLA class I, on the vascular endothelium initiates an intracellular signalling cascade with implications for endothelial cell structure and function. These modifications include increased expression of leucocyte adhesion ligands, alteration of the cytoskeleton and enhanced cell proliferation and survival (34) . These changes contribute to the classical histological features of fibrosis and intimal proliferation which is characteristic of chronic antibody mediated rejection in all solid organ transplants (35, 36) .
Accommodation
DSA have the potential to induce allograft damage by any of the mechanisms described but there is a cohort of patients with detectable DSA but no histological evidence of inflammation or allograft damage (37) . In these cases, the graft appears to have "accommodated" the antibodies without a detrimental effect, especially in liver transplantation, or ABO-incompatible organ transplantation. The physiology of this is poorly understood.
How are DSA detected in the HLA laboratory?
The accurate detection of pre-existing donor specific antibodies in the laboratory is of fundamental importance in determining the immunological risk associated with transplanting a particular organ (3). Traditionally, donor specific antibodies have been detected at the time of transplantation by performing a cross match (2) . The complement dependent cytotoxicity (CDC) cross match is the oldest test in the HLA laboratory and involves extracting donor lymphocytes from blood or lymphoid tissue, incubating donor cells with recipient serum followed by rabbit complement and adding dyes to distinguish dead from living donor cells. This process detects the presence of antibody-antigen interaction on cell surface which activates complement and cause cell death. The flow cross match similarly involves the incubation of donor cells with recipient serum but, instead of complement, a fluorochrome-labelled anti-human IgG is added. This detector antibody will bind to antibodies which have been bound on the donor cell surface. In addition, fluorescent labelled antibodies specific to B and T lymphocytes are added to the donor cells. In a flow cytometer, laser excitation identifies the lymphocytes and the presence of the detector antibody on the cell surface; this correlates with the quantity of bound antibodies. Cut-off for positive flow cross match is usually determined by how much is the normal variance (or standard deviation, SD) of the flow crossmatches with negative control sera without known anti-HLA antibodies. If the fluorescent with serum from tested patient is 2SD or 3SD stronger than that with negative controls, the flow cross match will be called as positive. So positive flow cross match is determined statistically and might not be biologically relevant. In most cases a positive cross match, either with CDC or flow cross match, indicates DSA binding to the donor cells. This is not always true as auto antibodies or unknown non-HLA factors might cause a false positive cross match. The specificity of DSA cannot be easily determined using cross match assays because usually more than one HLA are expressed on donor cells. Solid phase technology differs from the cross match tests because the HLA source is manufactured beads coated with multiple HLA class I or II antigens (Phenotype beads or PRA beads) or a single HLA antigen [single antigen beads (SAB)]. HLA antibody testing using solid phase assays involves incubating the beads with the recipient serum and adding a fluorochrome-labelled anti-human IgG secondary antibody. The fluorescent signal can be detected using a flow cytometer, or more commonly, a Luminex analyser. In the latter case, one laser determines the bead identity by its emission of light of two unique wavelengths while another identifies the intensity of fluorochrome on the bead. This is a semi-quantitative test which identifies the presence, the relative strength and the specificity of HLA antibodies. Luminex technology has a number of advantages over cross matching for the detection of antibodies, most notably the high sensitivity, good repeatability, ability to easily determine HLA antibody specificity, and independency of living cells. Table 1 describes the laboratory differences between the antibody testing methods. There are also differences in the clinical relevance of the antibodies detected by these methods in transplantation. CDC cross match positivity has been associated with hyperacute and acute accelerated rejection in all solid organ transplants (2, 38, 39) while the association between a positive flow cross match and poor allograft outcomes is less robust (40) . Pre-existing DSA identified by the Luminex single antigen assay alone have been associated with an increased risk of rejection and allograft loss in kidney transplantation, but this effect is less clear in other solid organ transplants (41) . In each of these tests, there is a trade-off between specificity and sensitivity. The immunological risk for a particular transplant must assessed with multiple methods and also be balanced against the recipient's risk of not being transplanted; this necessitates a personalised decisionmaking process for each transplant recipient with input from the clinicians, the HLA laboratory and often the patient themselves.
What are single antigen bead assays and what are their limitations?
Luminex SAB technology has transformed antibody assessment in transplantation by allowing the rapid determination of HLA antibody specificities at any time point in a high volume of samples. This has facilitated development of virtual cross matching (when the cross match result can be predicted from the recipient's HLA antibodies if donor complete typings for HLA-A, B, C, DRB1, DRB3/4/5, DQA1/DQB1, DPA1/DPB1 are available), and made accurate DSA monitoring possible after transplantation (3).
Each class I or class II HLA SAB assay consists of 98 beads which are each coated with a single HLA antigen that has been stripped from a cell; the presence of HLA antibody is determined as described in Table 1 . In addition to detecting the fluorescence emitted from the detector antibody, each bead emits a unique fluorescence which allows the HLA antigen specificity of the bead to be identified. The results are reported as a median fluorescent intensity (MFI). Luminex SAB is not a quantitative assay according to venders. The coefficient of variance for MFI could be up to 20-30% intra-or inter-labs. The variance can be reduced with standardization of testing protocols and diligent training of testing personals (42) . However, the vender vs. vender, and lot vs. lot variances will not be resolved easily. To fully understand the utility of SAB in transplantation, it is necessary to have knowledge of its limitations:
Panel representation
Each class I and class II SAB assay contains 98 beads with 98 distinct HLA; this includes the HLA encoded by different alleles of the same antigen where the HLA molecules differ by at least one amino acid, e.g., A*02:01, A*02:03 and A*02:06. The antigens representation include most but NOT 100% common HLA antigens and a number of rarer HLA antigens (43) . Nevertheless, given the huge diversity in HLA, it remains possible that HLA from a donor of ethnical minority might not be represented on a SAB kit so the presence of DSA cannot be definitively determined. However, due to cross reactivity among HLA antibodies, an antibody to a nontested rare allele can usually be predicted with tested antigens sharing the same epitopes. This is very useful for HLA-DPB1 which has four distinct epitope groups (44 
Bead saturation
There are a limited number of HLA antigens on each bead in the SAB assay. Depending on instrumentation, the maximum MFI can be read out in Luminex is also limited. High titre HLA antibodies may saturate all of these targets, and make it difficult to quantify the true "strength" of the antibody present. In these cases, serial dilutions of the recipient serum do not result in a reduction in the MFI. For example in Figure 4 , at day 1 after desensitization of a liverkidney combined transplantation, B8 DSA titre dropped 4 times, from positive at 1:1,024 to positive at 1:256, but there is no difference in MFI of B8 DSA in neat serum because the strong DSA already saturated the beads.
Antigen density
The amount of antibody which is bound to each SAB depends not only upon how much antibody is present in the recipient serum but also upon how much target for that antibody exists. There is variation in the HLA antigen density between beads in the same kit, between assays from different manufacturers and between beads (used in the solid phase assay) and donor cells (used in the crossmatch) (3). Importantly, the amount of antigens coated on different beads in a SAB panel could differ twice, so a universal cut-off for all beads is impossible. PRA bead or phenotype bead, which has multiple HLA on the each bead, has much less antigen per HLA than SAB so the sensitivity to detect a specific antibody is much lower than SAB. The antigen density determines sensitivity and clinical relevance of an assay. For example, flow cross match positivity due to HLA-C, DP DSA is associated with antibody present at MFIs higher than flow cross match positivity attributed to DSA to other HLA loci (45). This reflects the reduced level of expression of HLA-C and HLA-DP on the cell surface (46) . Variation in antigen density is one explanation for the imperfect correlation between DSA detected by SAB and cross match results (47) .
False negativity for antibodies specific for shared epitopes
Many HLA antibodies are specific to public epitopes shared by many HLA rather than private epitopes on single HLA. When a single epitope is shared by multiple antigens, the complementary antibody will be spread over a large number of beads on the SAB assay. In consequence, there is less antibody binding to a single bead. As indicated in Figure  5A , MFIs for beads coated with DR8, DR11, DR12, DR13, DR14, DR17, DR18 are in the range of 160-500. However flow cross match with the patient's daughter in presence of DR13 DSA, was borderline positive for B cells which express class II antigens. Usually weak DSA with MFI of 500 will not be able to cause positive B-cell flow cross match. However, the antibody binds to epitope p9EYST which is shared by these groups of HLA-DR8, DR11, DR12, DR13, DR14, DR17, DR18. If there is only a single DR13 bead in the panel, the MFI to DR13 bead would be much higher.
So when donors cells with only DR13 antigen were used
Titer of B8 DSA after desensitization 
in the flow cross match, the antibody bind significantly more positive than negative control sera. The antibodies are certainly real because this female patient (self-antigen DR4, DR15) was clearly sensitized in pregnancy to paternal mismatched antigen DR13. The authenticity of these antibodies was validated 3 month later: much stronger antibodies (MFI up to 10,000) were found when an infection breakout recalled memory B cell responses to epitope p9EYST ( Figure 5B ). This phenomenon is common for HLA antigens which share a "public" epitope such as Bw4, Bw6, and DR52 group (DR8, DR11, DR12, DR13, DR14, DR17, and DR18) but can also be seen for other CREGs. Donors with these broad antigens are very common [Bw4 (74%), Bw6 (85%), DR52 group (68%)] so the problem will not be in rarity. If this is not recognised, it is possible to fail to identify a real HLA antibody which is actually present at higher titre than what was indicated on the SAB and could result in early accelerated antibody mediated rejection.
False negativity due to prozone
There are a number of instances where endogenous substances in the recipient serum may interfere with the detection of HLA antibodies leading to false negativity; this has been attributed to the C1 complex, IgM antibodies and high titre IgG antibodies (48) (49) (50) and is known as the prozone effect. Laboratories employ methods such as the addition of EDTA, heat inactivation, addition of DTT (Dithiothreitol) and serial dilutions to overcome this. Figure 6 illustrated that EDTA removed prozone and uncovered strong DSA to DQ7 in a patient who experienced antibody-mediated rejection after kidney transplantation. In neat serum without EDTA treatment, MFI for DSA to DQ7 (paired with DQA1*05) is less than 1,000 and would be called as negative in many labs, and is not consistent with the presence of active AMR. However, the true MFI of the DSA was in fact more than 20,000 as indicated in EDTA-treated serum. Prozone effect is more often to be seen in sensitized patients who are previously transplanted. EDTA treatment seems to be the easiest, most cost-effective approach to remove prozone and has been routinely used by all HLA labs in Canada. Recent study (50) concluded serial dilution is the only solution for prozone. However, it is unclear in the study, EDTA was used for all sera, or the concentration and source of EDTA (51) . Whether prozone effect after proper EDTA treatment still exists or not deserves more investigations.
False positivity due to antigen configuration or other unknown factors
The process of purifying HLA antigens from cells and 
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EDAT remove prozone in neat serum and uncover stronger antibodies, including DSA to DQ7 (DQA1*05:03). DSA, donorspecific antibodies. hbsn.amegroups.com conjugating them to the beads can result in distortion of the 3-dimensional structure for HLA. Antibodies to denatured beta-2-microglobulin free HLA class I on SAB might not be detrimental for organ transplant (52) . As a consequence, non-native epitopes may be exposed in the SAB assay which are not accessible to antibodies in vivo and vice versa. This may result in false positivity when antibodies are detected to epitopes that are not exposed in vivo or false negativity if an antibody is present to an epitope that is exposed on the cell surface but becomes distorted in the manufacturing process. In studies of non-sensitized male patients, possible SAB false positivity has been detected for a number of HLA antigens (53) .
In addition, exogenous substances such as intravenous immunoglobulin and monoclonal antibodies have also been reported to interfere with SAB test results (3) and interference from unknown factors can give a false positive result. This is usually (but not always) indicated by a high MFI value for the negative control bead in the SAB assay. Treatment with DTT, or absorption with naked uncoated beads, or filtration with NanoSep Columns, or foetal calf serum treatment have been used in labs to reduce false positivity. Unfortunately, there is no prefect solution for this problem because there are many different reasons for high background and many more are unknown.
Due to these limitations of the SAB assay, guideline, rather "cut off" might be better used to describe how a positive anti-HLA antibody is determined. It can be challenging to use single thresholds for positivity, for all beads in one SAB panel, for different sera, for different clinical applications. Ideally individual laboratories should validate their own threshold against cross match results and clinical outcomes.
How can it be determined if HLA antibodies are "real"?
In most transplant programmes, HLA antibody testing of waiting list individuals is performed at regular intervals prior to transplantation by Luminex SAB assays (3). Accurate determination of which detected HLA antibodies are relevant to transplantation is essential. Most solid organ transplant programmes (with the exception of some liver programmes) list HLA to which there are complementary antibodies in the patient's serum as unacceptable donor mismatches (3, 54) . The purpose of this is to facilitate organ allocation and avoid organ transplantation with increased immunological risk. A failure to identify false positive antibodies from the Luminex assay results in the associated HLA being listed as unacceptable mismatches and unnecessarily limits the patient's access to transplantation or results in the administration of unnecessary and costly treatments. This results in an increased risk of death on the waiting list, inequity for access to transplantation and potential adverse effects of enhanced immunosuppression (55) (56) (57) . On the other hand, a failure to identify relevant HLA antibodies (false negatives) may result in the transplantation of organs with which there is an unanticipated increased risk of immunological injury that may prove detrimental to graft and recipient outcomes (38, 41) .
Similar to sorting wheat from chaff, distinguishing real antibodies from unreal "junk" reactivity in SAB can be very challenging. Here we use a case of false positive antibodies to explain common strategies to determine if HLA antibodies are real or not. Sera from a patient waiting for kidney transplantation were tested for anti-HLA antibodies using Luminex SAB ( Figure S1 ). Class II SAB test ( Figure S1C) identified HLA antibodies to all HLA-DR antigens (MFI =2,000-5,000) including self DR9, DR14, DR52, DR53. In class I SAB, strong antibodies to Cw12, Cw15 and self-antigen Cw1 (MFI =18,000), and moderate antibodies (MFI =1,000-8,000) to A10 CREG (A25, 26, 33, 34, 66, 68, 69) were identified ( Figure S1B) . The MFIs for negative control beads were in acceptable range (<400). Antibody profiles for repeating tests with DTT treatment, NanoSep Column and uncoated bead (Adsorb Out™) were as same as that from neat serum. The positive profile of Cw1, Cw12, and Cw12 can NOT be explained by extensive epitope analysis. High resolution typing for patient HLA-Cw1 was done and found patient self is C*01:02, which is the same antigen on the Cw1 bead. An individual cannot generate antibodies specific to own HLA type. It is puzzling to see such broad antibody reactivity in 20-year-old male without known sensitization events. Flow cross match with surrogate cells with DSA to Cw1, DR9, DR15, DR51, DR53 were cleanly negative. The same serum was tested again using Luminex PRA bead which demonstrates the complete absence of any class II HLA antibodies ( Figure S1E ) and lacking of positivity for beads carrying Cw1, CW12, and Cw15 ( Figure S1D) . Interestingly, beads coated with A10 CREG antigens, which are highlighted in circle ( Figure S1D) , were convincingly positive in PRA beads. Class II flow PRA beads were clearly negative too (data not shown). Positivity on bead coated with Cw1, Cw12, Cw15 but not A10 CREG antigens can be absorbed by non-relevant Cw17 single bead and bind more on beads with acid treated denatured antigens (data not shown). This indicated: (I) false positive Cw1, Cw12, and Cw15 beads are likely caused by denatured antigens; (II) reactivity to A10 CREG are likely to be real antibodies; (III) comparing with SAB, the less sensitive PRA beads might have more native antigens and be less prone to false positivity.
As highlighted in the case ( Figure S1 ), multiple approaches shall be used to accurately determine what "real" anti-HLA antibodies are. These stratagems are summarized as below:
(I) Patients will not have antibodies to their selfantigens. Sometimes high resolution typing need to be done to determine what is real selfantigen ( Figure S1 ). Figure 5 ) or seemingly unreal antibodies ( Figure S1 ). (IV) There is no single assay prefect enough so multiple imperfect assays shall be used to determine true antibodies. These include but not limited to: more than one solid phase assay (i.e., SAB, phenotype beads and/or PRA screen beads) and/or SAB assay kits from more than one vender, one more than one platform (flow and Luminex), surrogate flow cross matches, acid treatment to denature antigens on beads, different methods for serum treatment such as EDTA, DTT, dilution, etc. (V) It is good idea for labs to develop strategies for identifying and recognizing non-specific reactivity patterns, including "hot beads", either by determining in-house or by published references. However, caution shall be taken because many wellestablished "hot" beads on which false positivity were found in many sera might give true antibodies in other sera: One man's trash could be another man's treasure! What other factors may influence the pathogenicity of HLA DSA?
There are two questions that need to be answered regarding DSA: (I) is the DSA present in a patient or not? (II) Is the DSA clinically relevant or not for specific organ transplantation? SAB, although far from prefection, is the most powerful tool we ever had to answer 1st question. To answer the 2 nd questions, there are other factors which have been hypothesised to impact the pathogenicity of donor specific HLA antibodies in solid organ transplantation. The first factor is the expression of HLA on the allograft endothelium. Endothelial cells constitutively express class I HLA, with HLA-C expression being substantially less than HLA A and B, but expression of HLA class II can be induced in the context of inflammation, especially cell-mediated rejection (13) . It is plausible that this may contribute to the increased incidence of acute rejection which is observed in kidney transplant recipients with delayed graft function. The aetiology of the delayed graft function, such as prolonged ischaemia, induces inflammation in the allograft which may increase the target density for HLA antibodies and alloreactive T cells (13) . An effective method of determining HLA expression on the graft endothelium in real time is not yet available.
The second factor which may influence the pathogenicity of HLA antibodies is the avidity of the eplet-antibody interaction. The electrostatic potential of an amino acid polymorphism within an eplet influences the avidity of the antigen-antibody complex by affecting factors such as the formation of salt bridges and hydrogen bonds (61) . Differences in electrostatic potential between polymorphic amino acids in the HLA class I of mismatched donor-recipient cross matches have previously been shown to correlate with both the presence and amount of donor specific class I HLA antibody (62) .
The third factor which may affect the impact of HLA antibodies is their ability to fix complement. In the original CDC cross match, it was complement fixing, cytotoxic donor specific antibodies which were detected; this remains the test with greatest specificity for adverse transplant outcomes (38, 40, 63) . In recent years, there has been interest in developing the Luminex SAB assay to detect not simply the presence of HLA antibodies but to determine those which can initiate the catabolism of complement. This is achieved by adding complement to the assay following incubation of the beads with recipient serum and then introducing a detector antibody which is specific for a product of the complement cascade (C1q or C3d) instead of for the human Fc receptor. A number of studies have identified an association between complement fixing antibodies detected by this method and an increased risk of antibody mediated rejection (64) (65) (66) . However, it is likely that the majority of complement fixation in these assays is simply determined by the amount of HLA antibody present (27) .
The fourth factor which may be useful in determining the impact of HLA antibodies is their IgG subclass. It is now apparent that following activation, plasma cells initially generate IgG3 antibodies. With ongoing eplet stimulation, other subclasses of eplet-specific IgG are generated moving from IgG3 to IgG1, IgG2 and finally IgG4 (67) . The presence of IgG4 is associated with a refined immunological response and a prolonged immunogenic stimulus; this subclass is commonly detected in women who have been sensitised by pregnancy (67) . A small number of studies have explored the impact of HLA IgG subclass in kidney transplantation and found an association between IgG1 and IgG3 and acute antibody mediated rejection while IgG4 is associated with chronic alloimmune injury (68). Pre-formed or de novo IgG3 DSA were also found to be the most detrimental type of DSA in survival of liver transplantation (7) .
It is biologically plausible that each of these factors is related to the pathogenicity and potential impact of HLA antibodies and evidence is accumulating that an association exists between some of these and transplant outcomes. However, it is not yet clear how this could be incorporated into clinical practice to further optimise solid organ transplant outcomes without unnecessarily restricting the access of potential recipients to transplantation.
Once DSA were detected either pre-transplantation or post-transplantation, they must be respected. This is true more for transplantations of kidney, pancreas, heart, lung grafts, less for liver, small bowel grafts. The best approach of handing pre-transplant DSA is to avoid it. However, for patients with broader allo-sensitization, i.e., very high PRA, desensitization is necessary to increase accessibility for transplantation. Crossing pre-transplantation DSA might also be only option for medically urgent cases, especially for patients waiting for heart or lung transplants. Antibodymediated rejection (AMR), either acute or chronic, caused by either preformed or de novo DSAs are detrimental for survival of organ transplant. To reduce the level of anti-HLA antibodies, many therapeutical regimens can be used. Usually they are combination of plasmapheresis (PP), immunoadsorption (IA), intravenous immunoglobulin (IVIg), rituximab, proteasome inhibitors such as bortezomib, complement inhibitors (69, 70) . Applications of these stratagems prior to kidney (69, 71, 72) , heart (73) (74) (75) and lung (57) transplantation, or treatment of AMR (4, 76) , have been reviewed extensively in published literatures.
Conclusions
Graft damage from alloimmune injury and the reduced access of highly sensitised patients to transplantation are two of the major challenges facing the transplant community. The accurate determination of clinically relevant HLA antibodies and an appropriate interpretation of their impact are essential in addressing these issues. In the detection of HLA antibodies, a single perfect test providing the desirable accuracy, quantitation, sensitivity and specificity does not exist. As a consequence, HLA laboratories must incorporate multiple laboratory tests and analyses with information about each individual to ensure that the correct information regarding immunological risk is provided for each patient. Similar approaches were recommended in working group report of Sensitization in Transplantation: Assessment of Risk (STAR) (77) . ------33  -68  34  25  33  --66  68  66  26  69  -------------------------------------------------16  -7  2  ------17  6  -----12  15  1   --------------------------------------------6  4  -6  ---6  --------------82  37  -67  ---76  ------------ 
